Rhodococcus rhodochrous NCIMB 13259 grows on styrene, toluene, ethylbenzene, and benzene as sole carbon sources. Simultaneous induction tests with cells grown on styrene or toluene showed high rates of oxygen consumption with toluene cis-glycol and 3-methylcatechol, suggesting the involvement of a cis-glycol pathway. 3-Vinylcatechol accumulated when intact cells were incubated with styrene in the presence of 3-fluorocatechol to inhibit catechol dioxygenase activity. Experiments with 1802 showed that 3-vinylcatechol was produced following a dioxygenase ring attack. Extracts contained a NAD-dependent cis-glycol dehydrogenase, which converted styrene cis-glycol to 3-vinylcatechol. Both catechol 1,2-and 2,3-dioxygenase activities were present, and these were separated from each other and from the activities ofcis-glycol dehydrogenase and 2-hydroxymuconic acid semialdehyde hydrolase by ion-exchange chromatography of extracts. 2-Vinylmuconate accumulated in the growth medium when cells were grown on styrene, apparently as a dead-end product, and extracts contained no detectable muconate cycloisomerase activity. 3-Vinylcatechol was cleaved by catechol 2,3-dioxygenase to give a yellow compound, tentatively identified as 2-hydroxy-6-oxoocta-2,4,7-trienoic acid, and the action of 2-hydroxymuconic acid semialdehyde hydrolase on this produced acrylic acid. A compound with the spectral characteristics of 2-hydroxypenta-2,4-dienoate was produced by the action of 2-hydroxymuconic acid semialdehyde hydrolase on the 2,3-cleavage product of 3-methylcatechol. Extracts were able to transform 2-hydroxypenta-2,4-dienoate and 4-hydroxy-2-oxopentanoate into acetaldehyde and pyruvate. These results show that R. rhodochrous NCIMB 13259 metabolizes styrene by dioxygenation to give styrene cis-glycol, followed by dehydrogenation to form 3-vinylcatechol, which undergoes nonproductive ortho cleavage and complete metabolism by a meta-cleavage pathway.
Styrene (phenylethene, phenylethylene, or vinylbenzene) is a major industrial chemical. It has many uses, such as the manufacture of polystyrene, plastics, and styrene-butadiene rubbers. It is one of the most important aromatic chemicals produced by industry, with 3.64 x 10' kg manufactured in 1990 in the United States alone (16) . It is a colorless, volatile, strong-smelling, aromatic compound which is only slightly soluble in water. The release of man-made styrene into the environment can occur by a variety of routes, including factory wastewater, evaporation, and the pyrolysis of polystyrene. In nature, styrene is usually produced by the decarboxylation of cinnamic acid, a common plant acid (22) . Penicillium caseicolum can synthesize styrene, though the route of synthesis is not known (30) . Substituted styrenes are found in wine, beer, soy sauce, and blueberries (2) .
The fate of styrene in the environment has been studied by Fu and Alexander (16) , who detected rapid mineralization of styrene in sewage, neutral mineral soil, and organic soil. The lack of any mineralization in sterile soil showed that styrene breakdown was undertaken by microorganisms. Initial attempts to isolate organisms that could grow on styrene were unsuccessful, probably because the concentrations of styrene used were generally so high that they would be toxic. More recently, it has been shown that it is possible to isolate large numbers of styrene-utilizing organisms from soil if the substrate concentration is kept low; for example, Hartmans et Electronic mail address: c.a.fewson@udcf.gla.ac.uk. mM. Styrene can also be degraded anaerobically, by microbial consortia (18) .
Aerobic breakdown of styrene must initially proceed via an attack on either the aromatic ring or the side chain. No pathway involving initial ring attack has yet been proven, although (-)-1,2-dihydroxy-3-ethenyl-3-cyclohexene has been isolated from the medium of Pseudomonas putida MST growing on styrene (6) . Ring attack has also been suggested in other studies, for example, in Xanthobacter strain 124X (20) .
There are several possible methods for attacking the vinyl side chain. The initial reaction could be a monooxygenation to give styrene oxide, as in the human liver (25) , which could then be reduced to either 1-or 2-phenylethanol, hydrolyzed to 1,2-phenylethanediol, or isomerized to phenylacetaldehyde (phenylethanal). Alternatively, water could be added across the vinyl group to give, again, either 1-or 2-phenylethanol. The side chain could also be reduced, to give ethylbenzene. P. putida Rl has been found to produce phenylethanediol and mandelic acid from styrene (27) . However, the majority of organisms investigated so far have been found to use a pathway that converts styrene to 2-phenylethanol or phenylacetaldehyde, probably via styrene oxide, followed by further oxidation to give phenylacetic acid (phenylethanoic acid). The most detailed enzymological investigation of styrene breakdown through phenylacetic acid has been undertaken by Hartmans et al. (20, 21) . This group found that Xanthobacter strain 124X was able to degrade styrene oxide and 2-phenylethanol via phenylacetaldehyde and phenylacetic acid, though there was no evidence of styrene itself being degraded by this route. Styrene oxide was isomerized to phenylacetaldehyde by a novel enzyme, styrene oxide isomerase, which required no cofactors (20) . Hartmans et al. (21) later isolated 14 strains of bacteria which could utilize styrene, 4 of which were gram negative and the rest of which were gram positive. Extracts of 11 of these strains had a flavin adenine dinucleotide-requiring styrene monooxygenase activity, which transformed styrene to styrene oxide. One of the isolates, strain S5, was characterized further and was found also to possess styrene oxide isomerase. The yeast Exophiala jeanselmei also seems to use a pathway through styrene oxide and phenylacetic acid to metabolize styrene (11) . There appear to be no reports of bacteria which can degrade styrene through side chain attack to 1-phenylethanol, though some bacteria are known to be able to metabolize this substrate. Cripps et al. (12) Cultures using volatile substrates were grown in gas-tight screw-top flasks (Scotlab, Bellshill, Scotland) in salts medium, with the substrate generally added at a final concentration of 1 mM, though 0.5 mM was also used for the growth tests. Nonvolatile substrates were usually added at 5 mM, though a concentration of 0.5 mM was also tested in growth experiments. The inoculum was usually 5 ml of a nutrient broth culture for each 100 ml of medium. For growth on substrate concentrations of more than 1 mM, an iron supplement was routinely added.
For larger cultures, R. rhodochrous NCIMB 13259 was grown in salts medium containing 50 mM MES (morpholineethanesulfonic acid) buffer, to control the pH, in a 10-liter Biostat V fermentor (B. Braun, Melsungen AG, Germany). All tubing exposed to styrene vapor was solvent-resistant Viton (BDH, Poole, Dorset, U.K.). Salts medium (9.5 liters) was autoclaved in the fermentor. A supplement containing 106.6 g of MES, 2 g of MgSO4, and 20 ml of a chelated metals solution (5) was prepared in 500 ml of distilled water and adjusted to pH 7.0; this solution was membrane filtered and added to the fermentor after autoclaving. The inoculum was prepared by growing cells on 1 mM styrene in a 500-ml gas-tight flask with 100 ml of salts medium and a nutrient broth inoculum of 10 ml.
After 2 days of growth, the contents of the flask, which had been shaken at 200 rpm at 30°C, were added to the fermentor. The medium was stirred, and air was bubbled through at 4 liters/min. In addition to the main air supply, 200 to 400 ml/min was bubbled through styrene before entering the fermentor, thus providing the styrene substrate in the vapor phase. The bacteria in the fermentor were usually harvested after 6 days of growth at 30°C.
In order to obtain higher yields of cells grown in the presence of styrene, the following medium was used: 130 g of nutrient broth, 20 g of KH2PO4, 10 g of (NH4)2SO4, 4 g of MgSO4-7H20, 104.4 g of MES buffer, 20 ml of chelated metals solution, and 0.5 ml of antifoam poly(propylene glycol) 2025, all in 10 liters of distilled water, with the pH adjusted to 7.0 with 5 M NaOH. The inoculum was 500 ml of a 3-day-old nutrient broth culture. After 48 h of growth on the nutrient broth-based medium, styrene was provided in the air supply as described above. After a further 24 h, the bacteria were harvested.
Suspensions of washed cells and extracts. Cells were harvested by centrifugation in an MSE (Crawley, U.K.) highspeed 18 centrifuge with a fixed-angle rotor (6 by 250 ml) at 8,000 x g for 20 min. For very large volumes, an MSE Mistral was used, with a 6-liter rotor, at 6,000 x g for 30 min. The pellet was then washed three times by resuspending it in ice-cold 50 mM phosphate buffer, pH 7.0. Pellets of bacteria were stored at -20°C.
For the preparation of extracts, the cells were resuspended in degassed PEG (pH 7.2), which contained 50 mM phosphate buffer, 10% glycerol, and 10% ethanol (33) . The cell suspension was then pressed between three and five times in an Aminco French pressure cell press (SLM Instruments Inc., American Instrument Co., Urbana, Ill.) at 117 MPa. The homogenate was centrifuged at 12,000 x g in a Beckman model J2-21 centrifuge for 10 min, and the supernatant was retained and centrifuged at 145,000 x g for 1 h in a Beckman L5-65 ultracentrifuge with a type 65 rotor. This supernatant was used as the extract and was stored at -20°C. When specified, extract was treated for 5 min at 55°C and any precipitated protein was centrifuged off, to give heat-treated extract.
Protein concentrations were estimated by a modification of the Bradford (8) method. Samples were digested with NaOH (final concentration, 0.67 M) overnight at 37°C before the protein analysis was performed.
Oxygen consumption. Simultaneous induction experiments were carried out with a Clark-type oxygen electrode obtained from Rank Brothers (Cambridge, U.K.). The electrode was kept at 30°C. The well of the oxygen electrode was filled with 2.8 ml of aerated 50 mM phosphate (pH 7.0) buffer and 100 [l of cell suspension (in 50 mM phosphate buffer [pH 7.0] with a protein concentration between 0.5 and 5.0 mg/ml), and the rate of oxygen consumption without substrate (the endogenous consumption) was then measured over at least 5 min. The substrate, either 100 RI of a 10 mM solution (final concentration, 0.33 mM) or, for sparingly soluble substrates, 100 [lI of a saturated solution, was then added. The rate of oxygen consumption was then measured over at least 5 min. The difference between this rate and the endogenous rate was taken to be the increase in oxygen consumption due to the substrate. The oxygen electrode was calibrated by use of the oxidation of known concentrations of NADH by N-methylphenazonium methosulfate (26) .
Production, extraction, and analysis of intermediates. The production of styrene cis-glycol was done with P. putida UV4, a mutant strain containing toluene dioxygenase but lacking toluene cis-glycol dehydrogenase. P. putida UV4 was grown in a pyruvate-salts medium; cells were harvested, resuspended in phosphate buffer with ethanol as a source of reducing equivalents, and placed in a center-well baffled flask. Styrene was placed in the center well. The transformation was done at 28°C on an orbital shaker. Styrene cis-glycol was extracted with ethyl acetate and then crystallized from cold n-hexane. The structure of the styrene cis-glycol was confirmed by both 'H and '3C nuclear magnetic resonance (NMR) analyses (Fig. la) , with the results in close agreement with those obtained for styrene cis-glycol produced by P. putida 39D (23) . Although these NMR data could not distinguish between styrene cis-glycol and styrene trans-glycol, it is very unlikely that the trans isomer would be formed by P. putida UV4, since other workers have found that bacterial dioxygenases produce cis-glycols (34) . Styrene cis-glycol was stored in ethyl acetate with 0.1% triethylamine at 4°C and was generally used as a solution in ethyl acetate. If larger quantities were used, then it was extracted from the ethyl acetate into 50 mM phosphate buffer, pH 7.6.
Production of vinylcatechol was done in Thunberg tubes, which contained 3 ml of buffer (50 mM phosphate, pH 7.6), NAD (12 ,umol) , and cis-glycol (approximately 3.6 p.mol, as 100 ,ul of a 5-mg/ml solution in ethyl acetate) in the test tube portion and 1.2 ml of extract from cells grown on nutrient broth-styrene (4.7 mg of protein per ml) in the bulb. The tubes were repeatedly evacuated and then refilled with oxygen-free nitrogen. The contents were then mixed, and the tubes were incubated at 30°C for 30 min. The reaction was stopped with 300 pL. of 1 M HCl, and the reaction mixture was then centrifuged to remove precipitated protein. The supernatant was then extracted with ethyl acetate or diethyl ether.
For the production of intermediates by whole cells in the presence of 3-fluorocatechol, intact frozen cells that had been grown on nutrient broth-styrene were suspended in phosphate buffer at 1 g (wet weight)/100 ml in a gas-tight shake flask.
3-Fluorocatechol was added at a final concentration of 2 mM, along with 20 p.1 of styrene; then the flask was incubated at 30°C on an orbital shaker for 2 h. The reaction was stopped by acidification, the cells were removed by centrifugation, and the medium was extracted with ethyl acetate.
Use of 1802 to determine the nature of oxygenase attack.
Two 50-ml sidearm flasks had 19 ml of buffer (50 mM phosphate, pH 7.0) placed in them, with 0.4 g of cells which had been grown on nutrient broth-styrene. 3 -Fluorocatechol was added to each flask, 0.5 mg in 1 ml of buffer per flask (final concentration, 2 mM). Suba seals (BDH) were used to seal both flasks, and they were evacuated and flushed with oxygenfree nitrogen. This was repeated three times, and the flasks were evacuated again. The control flask was injected through the Suba seal with 20 ml of 162, and the remaining vacuum was filled by oxygen-free nitrogen gas. The other flask was injected with 20 ml of an approximately 50:50 mixture of 80, and`'02; then oxygen-free nitrogen was allowed in to release the partial vacuum. Both flasks then had 1O p.l of styrene added to them through the Suba seals, and they were placed on an orbital shaker at 30°C for 2 h, after which the flasks were acidified and chilled. The contents were centrifuged to remove the precipitated protein, and the supernatants were each extracted with ethyl acetate.
Enzyme assays. All assays were done at 30°C, using extracts prepared in PEG buffer from cells which had been grown on nutrient broth-styrene (induced extract) or on nutrient broth (uninduced extract).
The cis-glycol dehydrogenase activity was assayed by using a reaction mixture consisting of 2.8 ml of 50 mM phosphate buffer (pH 7.0), 50 p.l of extract, and 50 .I1 of 7 mM toluene cis-glycol or 5 p.1 of approximately 9 mg of styrene cis-glycol per ml of ethyl acetate. The reaction was started with 100 pL. of 50 mM NAD. The rate of production of NADH was measured at 340 nm, and rates were calculated by using E = 6.3 mM cm (7).
Catechol 1,2-dioxygenase activity was measured by using a reaction mixture consisting of 2.85 ml of 50 mM phosphate buffer (pH 7.0) and 50 p.1 of extract, and the reaction was started by the addition of 100 .I1 of a 3 mM solution of the substrate in buffer, giving a final concentration of 0.1 mM (17). EDTA was added, when specified, at a final concentration of 1.3 mM. The reaction was monitored by measuring the accumulation of the 1,2-cleavage products at 260 nm. Absorption coefficients of cleavage products used in calculating rates were as follows: catechol, E = 16.8 mM -' cm l; 3-methylcatechol, E = 18.0 mM-, cm ; 4-methylcatechol, £ = 13.9 mM-l cm-' (13). Catechol 2,3-dioxygenase activity was measured by using a reaction mixture consisting of 2.85 ml of 50 mM phosphate buffer (pH 7.0) and 50 p.1 of heat-treated extract. The reaction was started by the addition of 100 pL. of a 10 mM solution of the substrate in buffer, giving a final concentration of 0.3 mM (17). The reaction was monitored by measuring the accumulation of the 2,3-cleavage products of the catechols. Absorption coefficients used for calculating rates were as follows: catechol, £ = 48.4 mM-' cm ' at 375 nm; 3-methylcatechol, E = 19.8 mM-' cm at 390 nm; 4-methylcatechol, £ = 33.2 mM-' cm-'at 380 nm (31).
2-Hydroxymuconic acid semialdehyde hydrolase activity was determined by using a reaction mixture consisting of 2.85 ml of 50 mM phosphate buffer (pH 7.0) and 2-hydroxymuconic acid semialdehyde, which was prepared from heat-treated extract and catechol and was added to a final concentration of 15 p.M. The reaction mixture was preincubated for 5 min to allow the A375 to stabilize before the reaction was started by the addition of 50 p. of extract. The reaction was monitored by observing the removal of 2-hydroxymuconic acid semialdehyde at 375 nm, using £375 = 48.4 mM'-l cm-' (31) .
Ion-exchange chromatography. All procedures were carried out at 4°C. Cells which had been grown in the fermentor on nutrient broth-styrene (7.7 g) were suspended in 23 ml of TEGD buffer containing 20 mM Tris (pH 7.5), 10% ethanol, 10% glycerol, and 1 mM dithiothreitol before being broken by three passes in a French press and centrifuged as usual to obtain 17 ml of high-spin supernatant. Extract (15 ml) was applied at 20 ml/h to a column packed with DEAE-Sephacel superfine ( The production of pyruvate was measured by HPLC and confirmed by using a reaction mixture containing NADH and lactate dehydrogenase.
The production of acetaldehyde was measured by coupling to NADH oxidation and to NAD reduction in the presence of alcohol dehydrogenase and aldehyde dehydrogenase, respectively.
Total organic carbon analysis was done with a Shimadzu TOC-500 analyzer (Dyson Instruments, Hetton, Tyne and Wear, U.K.) with an autosampler and a sample size of 5 ,ul. The low inorganic carbon and organic carbon standards were both distilled water. The high inorganic carbon standard was 400 ppm of sodium carbonate, and the high organic carbon standard was 400 ppm of sodium phthalate. Each sample was analyzed five times.
Chemicals. 1-Phenylethanol, 2-phenylethanol, acetophenone, benzaldehyde, benzene, benzoic acid, benzyl alcohol, catechol, cinnamic acid, Coomassie brilliant blue G250, DLmandelic acid, ethylbenzene, p-xylene, phenylacetic acid, poly(propylene glycol) 2025, styrene, toluene, triethylamine, and hexane were from BDH Chemicals. 3-Fluorocatechol, 3-methylcatechol, 4-methylcatechol, a-methylstyrene, ,-methylstyrene, phenylethanediol, phenylacetaldehyde, styrene oxide, and bis-trimethylsilylacetamide were from Aldrich Chemical Co., Gillingham When bacteria were grown on styrene vapor in a 10-liter fermentor, the doubling time was approximately 10 h. However, this culture method was not reliable, since on several occasions the bacteria failed to grow, possibly because of the toxicity of the styrene. More reliable results were obtained by growth on a nutrient broth-based medium for 48 h, followed by 24-h growth with styrene vapor as part of the air supply, inducing the enzymes involved in styrene degradation and producing a yield of around 90 g (wet weight) per 10 liters.
Oxygen consumption. Rates of oxygen consumption by washed cell suspensions of R. rhodochrous NCIMB 13259 grown on styrene or toluene were monitored in the presence of various substrates (Table 1) . Cells grown on styrene oxidized a range of aromatic substrates, including some of those on known pathways of styrene breakdown, including 2-phenylethanol, phenylethanediol, and phenylacetaldehyde, though they did not oxidize phenylacetic acid or mandelic acid, making styrene metabolism through these routes less likely. However, styrene-grown cells were able to oxidize other aromatic substrates such as toluene and benzene. Since pathways for metabolism of toluene are well known, and the intermediates are easily obtainable, these intermediates were tested on both styrene-grown and toluene-grown cells (Table 1) . It is clear that there is very little difference in induction patterns between cells grown on styrene and those grown on toluene, after allowing for possible variation due to differences in growth stage and concentration of the growth substrates. The pattern of oxygen consumption compared with known pathways of toluene degradation suggests that toluene is probably degraded through toluene cis-glycol and 3-methylcatechol. All other routes seem to be ruled out because of low or very low rates of oxygen consumption with at least some of the potential intermediates. Cells grown in the fermentor on nutrient brothstyrene showed a pattern of responses similar to those of cells grown on styrene alone (results not shown). R. rhodochrous NCIMB 13259 grown on nutrient broth alone showed very little response to styrene, toluene, toluene cis-glycol, and other (3, 13) . Preliminary tests on extracts of R. rhodochrous NCIMB 13259 grown on nutrient broth-styrene showed substantial inhibition (>95%) of 3-methylcatechol 2,3-dioxygenase activity and partial inhibition of 3-methylcatechol 1,2-dioxygenase activity in the presence of 3-fluorocatechol. It was therefore hypothesized that 3-fluorocatechol could be used as a catechol dioxygenase inhibitor with whole cells to produce an accumulation of catecholic intermediates. The accumulation was done as described in Materials and Methods; then as a first identification step, the entire extract was derivatized and subjected to GC-MS. A component that had a retention time and fragmentation pattern identical to those identified as the trimethylsilyl ether derivative of vinylcatechol described above was identified, with m/z of 280 (M+, 13%), 265 (M-15, 3%), and 73 {[Si(CH3)3]+, 1 00%} . No vinylcatechol was detectable when 3-fluorocatechol was omitted from the reaction mixture.
In order to obtain a firm identification of the vinylcatechol, including the ring position of the vinyl group, it was necessary to use 'H NMR. A much larger quantity of cells (6 g) was used to produce enough material, and the TLC system already described was used to separate the vinylcatechol. The sample was then analyzed by 'H NMR (Fig. lb) , confirming that the isolated substance was 3-vinylcatechol.
Identification of the muconic acid accumulating in the growth medium. It had been noticed that there was frequently an absorbance between 250 and 300 nm in growth medium after R. rhodochrous NCIMB 13259 had been grown on styrene and other aromatic substrates. When cells were grown on styrene in a fermentor, the medium showed an absorption in the UV band (rn,ax = 283 nm). In addition, a thick band was visible on TLC of an extract from a reaction medium in which intact cells had been incubated with styrene but with no fluorocatechol. It was thought that this band could be a muconate, accumulated when cells were incubated with styrene. A batch of cells (20 g) was suspended in buffer, and styrene was added. After 4 h on a shaker at 30°C, the ensuing suspension was acidified, centrifuged, extracted, and separated by TLC. The major UV-absorbing band was eluted with ethyl acetate, which was then evaporated off. This produced 12 mg of a yellow liquid, which was analyzed by 'H and '3C NMR, and the analysis (Fig. 1c) confirmed the structure to be 2-vinylmuconic acid (2-ethenylhexa-2,4-dienedioic acid). An absorbance spectrum was taken of a sample from an identical experiment, which showed a major peak in the UV band, varying little with pH: pH 1.5, 'max = 287.2 nm; pH 6.4, Xr,,.x = 283.6 nm; pH 12.9, Xmlx = 282.8 nm.
To test whether the muconic acid detected in the growth medium was simply a transient product, being formed more quickly than it was utilized, or whether it was a dead-end product, cells were grown on styrene and the approximate concentration of muconic acids was determined by monitoring the absorbance spectrum of the medium. It was found that the apparent concentration of muconic acid increased approximately in parallel with the growth of R. rhodochrous NCIMB 13259. The concentration of the putative muconate plateaued at the end of growth, and the fact that it never fell suggests that it was not metabolized. A total carbon analysis of substrates, cells, and products suggested that as much as 40% of the styrene added as growth substrate was accumulated as muconic acid.
Use of 1802 to distinguish between an initial monooxygenase or dioxygenase ring attack. The involvement of styrene cisglycol in the metabolism of styrene strongly indicates that the initial attack on the aromatic ring of styrene is by a dioxygenase. In order to confirm this, cells were of 3-vinylcatechol produced in an atmosphere of 802-602 is illustrated in Fig. 2a , and that of the 3-vinylcatechol produced in an atmosphere of 100% 1602 is shown in Fig. 2b (Table 2) . No activity was found when NADP was used as the cofactor. A similar NAD-linked activity was found when toluene cis-glycol instead of styrene cis-glycol was used as the substrate, with rates of up to 130 nmol min-mg of protein-' in some extracts. During incubation of induced extract and styrene cis-glycol, a yellow color accumulated in the reaction mixture (Xmax = 334 and 423 nm), but only when NAD was present. This color, which later disappeared, was probably due to the transient accumulation of the product of meta cleavage of 3-vinylcatechol.
Catechol 1,2-dioxygenase activity was found in extracts of induced cells and to a very much smaller extent in noninduced extracts (Table 2) . With induced extract, the rate of catechol oxygenation was higher than that of 3-methylcatechol, with oxidation of 4-methylcatechol substantially slower. The standard catechol 1,2-dioxygenase assay as described in the literature (14) includes EDTA, which inactivates the next enzyme, muconate cycloisomerase, and thus permits the accumulation of muconate, which otherwise would be further metabolized. The discovery of an accumulation of muconic acids in the medium suggested that the cycloisomerase might not be present in R. rhodochrous NCIMB 13259, and indeed EDTA had little effect on the apparent activity of catechol 1,2-dioxygenase ( Table 2 ), suggesting that this organism has little or no cycloisomerase activity or (much less likely) that it has a muconate cycloisomerase that is unaffected by EDTA. Another way of testing for cycloisomerase activity is to monitor a catechol 1,2-dioxygenase reaction mixture over a longer period of time in order to see whether there is any decrease in A260, corresponding to further metabolism of the cis,cis-muconate formed by the dioxygenase. When an assay mixture containing was monitored for 30 min, it was observed that the A,60 increased rapidly at first (because of the formation of cis,cismuconate), then very briefly decreased rapidly, and then decreased extremely slowly. The same sequence of events was found with a reaction mixture containing extract from cells grown on benzyl alcohol and with catechol as the substrate. These results suggest that little, if any, cycloisomerase activity is present in cells grown on either styrene or benzyl alcohol. Unfortunately, the 3-vinylcatechol produced from styrene cisglycol was not sufficiently pure to be used in assays of this type, since it contained material that absorbed in the 260-nm region. Preliminary catechol 2,3-dioxygenase assays were not reproducible, because of varying activities of the next enzyme, 2-hydroxymuconic acid semialdehyde hydrolase. Previous workers have found that this enzyme in other organisms is inactivated by heat treatment (4), and it was found that optimum and reproducible rates of catechol 2,3-dioxygenase could be obtained by treatment of the extract at 55°C for 5 min.
Uninduced extract had no detectable activity (Table 2 ). Induced extract had a very low 4-methylcatechol 2,3-dioxygenase activity and a higher catechol 2,3-dioxygenase activity, with 3-methylcatechol 2,3-dioxygenase giving the highest rate. The 2,3-cleavage of 3-vinylcatechol was monitored by using a modification of the above method. The reaction was performed at pH 7.6, and the absorbance spectrum of the reaction mixture was repeatedly scanned. The reaction mixture turned intense yellow in about 10 min, with two absorbance peaks appearing, the higher at 429 nm and the other at 345 nm, indicating that 3-vinylcatechol is susceptible to 2,3-cleavage. 2-Hydroxymuconic acid semialdehyde hydrolase activity was found only in extracts of induced cells (Table 2) .
No styrene dioxygenase activity was detectable in cell extracts by using either the oxygen electrode or spectrophotometric detection of NAD(P)H oxidation.
Ion-exchange separation of enzyme activities. In order to examine the enzymes of the pathway more closely, an ionexchange separation of the enzymes was developed. Both styrene and toluene cis-glycol dehydrogenase activities eluted in a single, symmetrical peak at 0.4 to 0.5 M NaCl. The rates of heat denaturation of the two activities at 34°C were almost identical, and both activities were slightly stimulated by heating for about 30 s. These results strongly indicate that toluene cis-glycol dehydrogenase and styrene cis-glycol dehydrogenase activities are the result of a single enzyme with a relaxed substrate specificity.
Catechol 2,3-dioxygenase activity eluted in a single peak at 0.3 to 0.35 M NaCl. Catechol 1,2-dioxygenase activity seemed to elute in two peaks, the first at 0.28 to 0.35 M NaCl and the second at 0.35 to 0.45 M NaCl. However, it was established that the first of these apparent 1,2-dioxygenase activities resulted from the overlap of catechol 2,3-dioxygenase and 2-hydroxymuconic acid semialdehyde hydrolase activities; the catechol is cleaved to 2-hydroxymuconic acid semialdehyde, and this is hydrolyzed to give 2-hydroxypenta-2,4-dienoate, which absorbs at 265 nm, thus resembling cis,cis-muconate, which absorbs at 260 nm.
2-Hydroxymuconic acid semialdehyde hydrolase activity eluted at about 0.20 to 0.30 M NaCl, overlapping with, but eluting slightly earlier than, the catechol 2,3-dioxygenase activity. The 2-hydroxymuconic acid semialdehyde hydrolase activity could be completely inactivated by heating the column fractions at 55°C for 2 min.
Fractions from ion-exchange chromatography were used in subsequent experiments aimed at identifying the reaction intermediates (see below). The 2,3-cleavage product of 3-vinylcatechol. A tentative identification of the meta-cleavage product of 3-vinylcatechol was made by using the anaerobic NAD-linked transformation of styrene cis-glycol to form 3-vinylcatechol, essentially as described above. Heat-treated ion-exchange column fractions containing catechol 2,3-dioxygenase activity were then added to the 3-vinylcatechol solution under aerobic conditions. The solution became yellow and turned red upon acidification. This product was then extracted with ethyl acetate, dried, evaporated down, and dried again; it was then extracted with 50% concentrated NH3, producing a red solution. An absorbance scan showed two peaks, one at 284 nm and another at 412 nm. This extract was then left overnight at 30°C, after which the color was golden yellow and the A412 had vanished, but there was a shoulder of absorbance at 260 to 290 nm. The changes in absorbance spectrum of the NH3 extract are consistent with the formation of a picolinate, and this in turn is consistent with the formation of 2-hydroxy-6-oxo-octa-2,4,7-trienoic acid from 3-vinylcatechol.
Hydrolysis of the 2,3-cleavage product of 3-methylcatechol. Earlier workers (10), using other organisms, have shown that catechol and 3-methylcatechol are both metabolized by catechol 2,3-dioxygenase and 2-hydroxymuconic acid semialdehyde hydrolase to produce 2-hydroxypenta-2,4-dienoate. 2-Hydroxymuconic acid semialdehydes and 2-hydroxypenta-2,4-dienoate have distinctive UV characteristics, enabling their reactions to be monitored. The 2,3-cleavage product of 3-methylcatechol, 2-hydroxy-6-oxo-2,4-heptadienoic acid, was produced by the action of 50 pu1 of the catechol 2,3-dioxygenase ion-exchange fraction on 3-methylcatechol, giving an absorbance peak at 320 nm, with a very small peak at 386.4 nm, similar to the peaks found by other workers (15) . On addition of 100 p.1 of the hydrolase fraction, the peak at 319 nm rapidly disappeared, and simultaneously a new peak rapidly formed at 267.0 nm (at pH 6.0). The reaction was then acidified and scanned again, and a single peak was visible at 271.6 nm. Then the reaction mixture was made alkaline and scanned; a peak at 299.2 nm was visible on the first scan, which had vanished 2 min later. There was also a very small peak at 379.2 nm, presumably due to some remaining 2,3-cleavage product. These results are consistent with the accumulated component being 2-hydroxypenta-2,4-dienoate. Other workers (10) have found this compound to have a Xmt, of 265 nm at neutral pH, one of 270 nm under acid conditions, and one of 305 nm under alkaline conditions. Under the last conditions, this compound rapidly tautomerizes to 2-oxopent-4-enoate, with no absorbance in this region (10) .
Identification of acrylic acid as a product of the hydrolysis of 2-hydroxy-6-oxoocta-2,4,7-trienoic acid. The hydrolysis of 2-hydroxy-6-oxoocta-2,4,7-trienoic acid, the putative 2,3-cleavage product of 3-vinylcatechol, would be expected to produce 2-hydroxypenta-2,4-dienoate and acrylic acid. A reaction was started by the addition of 100 p.1 of an ion-exchange fraction containing catechol 2,3-dioxygenase activity to a 3-ml cuvette containing buffer and 3-vinylcatechol (produced anaerobically from 0.4 to 0.6 mg of styrene cis-glycol and extracted into diethyl ether), leading to a rapid accumulation of A345.8 and A4249, with the peak at 255.5 nm in the initial reaction mixture due to 3-vinylcatechol no longer distinguishable. Upon addition of 100 p.l of the fraction containing hydrolase activity, the peaks at 345 and 419 nm disappeared. Because of the absorbance of other peaks in the UV band, it was not possible to clearly distinguish any new peaks. However, a shoulder was visible at around 275 nm, which initially increased while all other peaks were diminishing or stable. Samples of 50 .1l were removed at various times to determine the concentrations of acrylic acid by HPLC. After addition of the 2,3-dioxygenase ion-exchange fraction, a very low concentration of acrylic acid VOL. 60, 1994 on October 14, 2017 by guest http://aem.asm.org/ Downloaded from was present, approximately 0.01 mM, presumably due to contamination of the 2,3-dioxygenase activity by hydrolase activity (the peaks on the ion exchange slightly overlap). After addition of the hydrolase fraction, the acrylic acid concentration increased to 0.07 to 0.09 mM. After the addition of a similar concentration of authentic acrylic acid, a single, symmetrical peak was visible on the HPLC trace, with an area corresponding to the sum of the two acrylic acid concentrations. The ion-exchange fractions themselves did not contain detectable acrylic acid.
R. rhodochrous could not grow on acrylic acid under the conditions tested, though a small increase in oxygen consumption was found when acrylic acid was added to intact cells in the oxygen electrode (Table 1) . Samples from flasks growing on 1 mM styrene-salts medium showed that acrylic acid did not accumulate to any more than about 0.01 mM, and no acrylic acid was detected at the end of growth.
Metabolism of 2-hydroxypenta-2,4-dienoate by extracts. Extracts of cells grown on nutrient broth-styrene were able to transform both 2-hydroxypenta-2,4-dienoate and 4-hydroxy-2-oxopentanoate into acetaldehyde and pyruvate.
Conclusions. The results in this paper strongly suggest that R. rhodochrous NCIMB 13259 degrades styrene by the pathway illustrated in Fig. 3 (19) , and in any case the incorporation of both atoms of 1802 and the presence of cis-glycol dehydrogenase activity make the case for a styrene dioxygenase virtually unassailable. (iii) Many of the substrates and postulated substrates (e.g., styrene and styrene cis-glycol) were shown to be converted by intact cells or by cell extracts into the appropriate products (e.g., 3 -vinylcatechol, 2-vinylmuconic acid, 2-hydroxy-6-oxoocta-2,4,7-trienoic acid, and acrylic acid). As far as we can see from the literature, R. rhodochrous is the first organism proven to metabolize styrene through a cis-glycol route, although other workers (6, 20) have obtained evidence for initial ring attack. The types of reaction involved in the upper part of the pathway in Fig. 3 are well established in the breakdown of other noncarboxylated aromatic substrates such as benzene, toluene, ethylbenzene, and naphthalene and are known to occur in other rhodococci, notably in the metabolism of tetralin and o-xylene by Rhodococcus (Corynebacterium) sp. strain C125 (28, 29) . The enzymes of this pathway seem to have very relaxed substrate specificities, and it is known that toluene dioxygenases from various organisms can convert styrene into styrene cis-glycol. It is therefore possible that some organisms that have already been shown to degrade toluene may also be able to degrade, and perhaps grow on, styrene, especially if tested at low concentrations.
The productive route used by R. rhodochrous NCIMB 13259 to cleave 3-vinylcatechol is meta cleavage by 3-vinylcatechol 2,3-dioxygenase, followed by further metabolism of the 2-hydroxy-6-oxoocta-2,4,7-trienoic acid to give acrylic acid and 2-hydroxypenta-2,4-dienoate (Fig. 3) . This general type of pathway is known to occur in a wide range of organisms, and there is no evidence that the pathway in strain NCIMB 13259 differs from similar pathways established in other organisms, for example, that encoded by the TOL plasmid (9) . Catechol 2,3-dioxygenases appear to be nonspecific in all organisms so far tested, but there are significant variations in relative Catechol specificities towards different catechols and none appears to have been tested with vinylcatechol as the substrate. The relative specificity of the catechol 2,3-dioxygenase activity in extracts of R. rhodochrous NCIMB 13259 grown on styrenenutrient broth (Table 2 ) is similar to that of o-xylene-grown Rhodococcus sp. strain C125, which has an activity ratio of 100:240:56 for catechol-3-methylcatechol-4-methylcatechol (29) .
The meta-cleavage product of 3-vinylcatechol is metabolized by a 2-hydroxymuconic acid semialdehyde hydrolase to give acrylic acid and 2-hydroxypent-2,4-dienoate. This activity is very unstable at 55°C, as are equivalent hydrolases from other organisms (4) . The final stage of the established meta-cleavage pathway for catechols is the transformation of 2-hydroxypenta-2,4-dienoate into acetaldehyde and pyruvate by the consecutive action of 2-hydroxypenta-2,4-dienoate hydratase and 2-hydroxy-2-oxopentanoate (2-hydroxy-2-oxovalerate) aldolase (9) . Extracts of R. rhodochrous NCIMB 13259 grown on nutrient broth-styrene could indeed transform both 2-hydroxypenta-2,4-dienoate and 4-hydroxy-2-oxopentanoate into acetaldehyde and pyruvate, presumably because of the presence of the appropriate hydratase and aldolase.
Acrylic acid is produced by the hydrolysis of 2-hydroxy-6-oxoocta-2,4,7-trienoic acid by 2-hydroxymuconic acid semial- (Fig. 3) . Since there is no appreciable accumulation of acrylic acid in the growth medium, R. rhodochrous NCIMB 13259 must be able to metabolize this substrate. However, growth did not occur on acrylic acid at either 5 or 0.5 mM, though 5 mM vinylacetic acid, which has one more methylene group than acrylic acid, did support growth. Simultaneous induction experiments showed a low rate of oxygen consumption when acrylic acid was added to cells grown on styrene (Table 1 ; a similar rate was observed with cells grown on glucose). Although acrylic acid is known to be toxic to many microorganisms, several strains of bacteria that can grow on it have been isolated but low concentrations are often necessary (1, 24) .
A catechol 1,2-dioxygenase is clearly present, but there is no sign of any further metabolism of cis,cis-muconic acid or of 2-vinylmuconate. This raises several questions: Why does the muconic acid accumulate? Why is the catechol 1,2-dioxygenase expressed? Is it possible for vinylmuconic acid to be metabolized by an ortho pathway?
The wide range of substrates oxidized by R. rhodochrous NCIMB 13259, together with the persistence in the environment of other rhodococci (32) , and the apparent lack of catabolite repression suggest that this strain could be useful in bioremediation and waste treatment.
